1. Introduction {#s0005}
===============

Arabian camels belong to the genus *Camelus* that contains only two species, one-humped (*C. dromdarius*) and two-humped (*C. bacterianus*) camels. Arabian camels were domesticated in southern Arabia thousand years before they were known in the north part of Arabia ([@b0190]). Camels are unique animals in many aspects and cannot be compared with other farm animals in their physiological responses or adaptation to arid environment ([@b0160], [@b0175]). Due to the unique characteristics of camel, the work on evaluation of breeds/strains is an advantage. The camels of Saudi Arabia are mainly dromedaries, the one-humped camels. They are an integral and notable component of the Kingdom heritage, a symbol of its nomadic traditions. Saudi Arabian rapid modernization has moved camel caravans to be a part of the past, although the animal still provides transportation for some bedouin in remote areas. The total population of dromedary is estimated to be around 1.6 million camels within the Arabian Peninsula, about 53% found in Saudi Arabia ([@b0045]). Genetic studies on camels are scarce; therefore, the genetic diversity assessment of Saudi Arabian camels is important to preserve their genetic resources and to improve their breeding programs. The development of molecular biology during the past decades has offered new tools in many biotechnological disciplines including livestock genetics and animal breeding ([@b0075], [@b0185]). These biotechnological tools can be applied specifically to improve camels' productivity, preserve their genetic resources and develop successful breeding programs. Numerous studies on the genetic relationships among and within farm animals breeds have been reported using different genetic markers ([@b0110], [@b0130], [@b0070]). Among these genetic markers, microsatellites have been extensively used for assessing the genetic diversity and relationships within and among closely related farm animal populations ([@b0055], [@b0100], [@b0195]). Microsatellites are valuable genetic markers due to their dense distribution in genomes, easy to develop and inexpensive. Microsatellite analysis simply measures the nucleotide length of different alleles at a particular locus across different individuals. Allelic diversity represents how many different alleles are present throughout a population for each locus. Both Allelic diversity and heterozygosity can provide a direct measurement of genetic diversity in animal populations. As in other domestic animal species, microsatellites in camels are highly informative polymorphic markers and becoming the technique of choice forinvestigating genetic diversity and population studies ([@b0010], [@b0120], [@b0150]). In Saudi Arabia, genetic studies on camels are scarce and the extent to which dromedary populations are genetically differentiated is poorly documented. The present study was, therefore, carried out to (1) determine the genetic diversity of four local populations and two exotic ones, existing in Saudi Arabia and to (2) infer the genetic relationship within and among them. It is anticipated that the assessment of genetic diversity of Saudi camels is important to preserve their genetic resources and to develop future breeding programs to improve camel productivity.

2. Materials and methods {#s0010}
========================

2.1. Animal resources and DNA isolation {#s0015}
---------------------------------------

Five raising-camels regions, covering East, West, North, South and middle localities in Saudi Arabia, were visited for sampling camels. Hair and blood samples were collected from 296 camels representing 4 indigenous breeds, 50 Magaheem (MG), 50 Maghateer (MJ), 50 Sofr (SO) and 50 Shaul (SH), in addition to two exotic ones, 48 Sawahli (SL) and 48 Somali (SU). The collected samples were kept in −20 °C until use. Information about camel breeds, e.g. history of sampled populations, were also recorded. DNA was extracted using the QIAgen DNeasy blood and tissue kit (Hildane, Germany) following the manufacturer\'s instructions.

2.2. Polymerase chain reaction (PCR) and fragment analysis {#s0020}
----------------------------------------------------------

Twenty one microsatellite primer-pairs ([@b0050]) were used to genotype the 296 camels ([Table 1](#t0005){ref-type="table"}). To test the usability of the 21 microsatellites in genotyping sampled camels, pooled DNA preparations from apparently distant populations were firstly tested. PCR gradients were also used to obtain the optimum annealing temperatures for every primer-pair of each microsatellite marker. The amplification was performed using the Gene Amp PCR System 9700 thermocycler (Applied Biosystems, Warrington, UK) according to [@b0105]. The amplification protocol included an initial denaturation step for 2 min at 94 °C, followed by 35 cycles at 94 °C for 30 s, 50--60 °C annealing temperature (depending on the primer-pair used) for 30 s and 72 °C for 30 s. The final step of the amplification protocol was an extension step at 72 °C for 5 min. Agarose gels were used to check the amplification reproducibility from DNA preparations. The amplified PCR products were multiplexed based on their fluorescent dye and sizes. Each 0.5 µl of multiplexed PCR products were mixed with 9.25 µl of HiDi formamide and 0.25 µl of GeneScan® LIZ standard Applied Biosystems. This mixture was immediately denatured at 95 °C for five minutes and chilled on ice for five minutes. Two microliters of the previous mixture were loaded into DNA capillary ABI Prism® 3500 Genetic Analyzer. The used fluorescent dyes were FAM, NED, VIC and PET. The raw data were collected using genetic analyzer data collection software version 3.0.Table 1The 21 Microsatellite primer-pairs used to genotype the sampled camels collected from Saudi Arabia.No.LocusPrimer (5′→3′)Annealing Temp.Size range (bp)1YWLL08F- ATCAAGTTTGAGGTGCTTTCC\
R- CCATGGCATTGTGTTGAAGAC55 °C133--1802YWLL09F-AAGTCTAGGAACCGGAATGC\
R-AGTCAATCTACACTCCTTGC55 °C138--1803YWLL38F-GGCCTAAATCCTACTAGAC\
R- CCTCTCACTCTTGTTCTCCTC60 °C174--1924YWLL44F-CTCAACAATGCTAGACCTTGG\
R- GAGAACACCGCTGGTGAATA60 °C86--1205YWLL59F-TGTGCAGCAGTTAGGTGTA\
R- CCATGTCTCTGAAGCTCTGGA58 °C96--1366VOLP03F-AGACGGTTGGGAAGGTGGTA\
R-CGACAGCAAGGCACAGGA60 °C129--2067VOLP08F-CCATTCACCCCATCTCTC\
R-TCGCCAGTGACCTTATTTAGA55 °C142--1808VOLP10F-CTTTCTCCTTTCCTCCCTACT\
R-CGTCCACTTCCTTCATTTC55 °C231--2689VOLP32F-GTGATCGGAATGGCTTGAAA\
R-CAGCGAGCACCTGAAAGAA55 °C192--26210VOLP67F-TTAGAGGGTCTATCCAGTTTC\
R-TGGACCTAAAAGAGTGGAG55 °C142--20311LCA66F-GTGCAGCGTCCAAATAGTCA\
R-CCAGCATCGTCCAGTATTCA58 °C212--26212CVRL01F-GAAGAGGTTGGGGCACTAC\
R-CAGGCAGATATCCATTGAA55C188--25313CVRL05F-CCTTGGACCTCCTTGCTCTG\
R-GCCACTGGTCCCTGTCATT60C148--17414CVRL06F-TTTTAAAAATTCTGACCAGGAGTCTG\
R-CATAATAGCCAAAACATGGAAACAAC60 °C185--20515CVRL07F-AATACCCTAGTTGAAGCTCTGTCCT\
R-GAGTGCCTTTATAAATATGGGTCTG55 °C255--30616CMS13F-TAGCCTGACTCTATCCATTTCTC\
R-ATTATTTGGAATTCAACTGTAAGG55 °C238--26517CMS17F-TATAAAGGATCACTGCCTTC\
R-AAAATGAACCTCCATAAAGTTAG55 °C135--16718CMS18F-GAACGACCCTTGAAGACGAA\
R-AGGAGCTGGTTTTAGGTCCA60 °C157--18819CMS25F-GATCCTCCTGCGTTCTTATT\
R-CTAGCCTTTGATTGGAGCAT58 °C93--12820CMS50F-TTTATAGTCAGAGAGAGTGCTG\
R-TGTAGGGTTCATTGTAACA55 °C129--19021CMS121F-CAAGAGAACTGGTGAGGATTTTC\
R-TTGATAAAAATACAGCTGGAAAG60 °C128--166

### 2.2.1. Genetic analyses {#s0025}

The basic parameters for each locus and populations, including allele frequencies, observed number of alleles (Na), effective number of alleles (Ne), observed (Ho) and expected (He) heterozygosities values were calculated using Cervus version 3.0.3 ([@b0095]). Wright\'s F-statistics (F~IS~, F~ST~, and F~IT~) within and among the camel populations were calculated by using GenePop version 4.0.10 ([@b0145]). Deviations from Hardy-Weinburg equilibrium were also calculated by using the GenePop. Factorial correspondence analysis (AFC) 2D plots were performed on a table of allele frequencies using GENETIX 4.05.2 ([@b0020]) to infer population differentiation ([@b0085]). Population structure was estimated using Structure v.2.3 ([@b0140]) through the population admixture model. Simulations were run with Markov Chain Monte Carlo (MCMC) of 2.2 × 10^6^ iterations after a burn-in of 2 × 10^5^. Six independent simulations for different K values (1--8) were performed to identify the most probable clustering solution through examining the modal distribution of DeltaK (ΔK) ([@b0035]). The results from multiple runs for each K were concatenated by clump ([@b0080]).

3. Results and discussion {#s0030}
=========================

The present study included 296 individuals of dromedary camels belonging to six populations: MG, MJ, SO, SH, SL and SU. The camel individuals were genotyped using 21 microsatellite loci ([Table 1](#t0005){ref-type="table"}). Out of the 21 microsatellite primer-pairs, 19 successfully generated scorable polymorphic fingerprints from the sampled animals. The VOLP67 and CMS25 primer-pairs did not produce any PCR products. The total number of alleles (Na), mean effective number of alleles (Ne), observed (Ho) and expected (He) heterozygosities were estimated for the six populations. The number of alleles per locus ranged from 7 to 23, with an average of 13.3 alleles per locus ([Table 2](#t0010){ref-type="table"}). This range was comparable with that observed by [@b0165] in Australian dromedary camels with an average of 13.18. However, [@b0125], [@b0010], [@b0135], [@b0155] reported an average of 10.7, 3.81, 10.3 and 10.3 alleles per locus in Indian, Saudi, South African, Canarian camel populations, respectively.Table 2Number of alleles of each microsatellite locus for the six different camel populations from Saudi Arabia.LocusSL[a](#tblfn1){ref-type="table-fn"}SUMGMJSHSOTotalCMS 121991199915CVRL 0512710891014VOLP 08117564515YWLL 0815161315171623YWLL 3854767510CMS17656510511CMS1387776910CMS1855657710CVRL 065354457LCA 6678109101013VOLP 325446649VOLP 03111199121017CVRL07127151111916CVRL 0115121616121821CMS5014141011131122YWLL44677810913YWLL594365658YWLL094476889VOLP1046797710Mean8.3167.3168.4748.1588.8428.52613.316SE0.8990.8410.7770.7540.7540.8491.095[^1]

The total number of alleles generated from the sampled camels using the 19 microsatellite primer-pairs was 253 alleles. The observed alleles varied within SL, SU, MG, MJ, SH and SO populations, with a total numbers of 158, 139, 161, 155, 168 and 162, respectively ([Table 2](#t0010){ref-type="table"}). It is proposed that the number of alleles in a population is highly dependent on the sample size and the presence of unique alleles with low frequencies ([@b0090]). Generally, as the sample size increases, the number of alleles increases. [@b0010] reported a total number of 61 alleles generated from 99 animals using 20 microsatellite primer-pairs. The other previous camel studies varied in the total number of alleles where different numbers of individuals and microsatellites were used ([@b0165], [@b0135], [@b0155], [@b0170]).

In this study, CVRL06 was the lowest polymorphic microsatellite locus with seven alleles detected in the studied camel populations ([Table 2](#t0010){ref-type="table"}). [@b0180] reported that CVRL06, amongst 23 loci, was also the lowest polymorphic locus with 3 alleles in Indian Bikaneri breed. Although [@b0115] found that CVRL08 had the lowest number of alleles; they recorded 3 alleles of CVRL06 in dromedary camels. Moreover, 3 and 4 alleles of CVRL06 were detected in Tunisian Kebili and Medenine camel populations, respectively ([@b0005]). On the other hand, YWLL08 was the most polymorphic locus with 23 alleles ([Table 2](#t0010){ref-type="table"}). Many studies reported different numbers of YWLL08 alleles. [@b0165] found 24 alleles of YWLL08 in dromedary racing camels. Other studies reported variable number of YWLL08 alleles ranging from 9 to 20 in different camel populations, e.g. Indian Bikaneri and Australian camels ([@b0105], [@b0180], [@b0170], [@b0065], [@b0030], [@b0135], [@b0155]). According to [@b0025], there is a positive relationship between the number of dinucleotide repeats and the number of alleles at a given locus, explaining why YWLL08 (size range 133--180 bp) has more detected alleles than CVRL06 (size range 185--205 bp).

The heterozygosity level of a microsatellite marker varies from species to species and sometimes among different breeds of the same species ([@b0060]). In the present study, the average heterozygosity observed in SL, SU, MG, MJ, SH and SO populations were 0.914, 0.929, 0.765, 0.717, 0.743 and 0.713, respectively ([Table 3](#t0015){ref-type="table"}), whereas their expected values were 0.707, 0.702, 0.700, 0.667, 0.695 and 0.691, respectively ([Table 3](#t0015){ref-type="table"}). Generally, the observed heterozygosity values were higher than expected, with the lowest expected heterozygosity value of 0.667 detected in MJ population. However, the highest value was 0.707 in SL population. The highest observed heterozygosity value was in SU camel population, whereas the lowest value was in SO population. The average observed heterozygosity in the present study (0.713--0.929) was higher than reported by previous studies in Tunisian (0.460), Arabian (0.552) and Australian camel populations (0.455) ([@b0165], [@b0135], [@b0090]). [@b0180] observed heterozygosity values of 0.580, 0.570, 0.560 and 0.600 for Bikaneri, Jaisalmeri, Kutchi and Mewari populations, respectively. The study of [@b0010] on Saudi camels have dealt with three breeds of camels including; Magaheem, Sofr and Shogeh. They found very little variation between the three breeds and low heterozygosity concluding that the three types are closely related. The preliminary study carried out by [@b0105] on MG, MJ, SO and SH populations from Riyadh area, Saudi Arabia, showed that the observed heterozygosities ranged from 0.605 to 0.665.Table 3Observed (Ho) and expected (He) heterozygosities of microsatellite loci for the six camel populations from Saudi Arabia.LocusSL[a](#tblfn2){ref-type="table-fn"}SUMGMJSHSOHoHeHoHeHoHeHoHeHoHeHoHeCMS12110.74710.7270.780.7740.720.7550.80.7410.60.722CVRL0510.78110.7470.760.7350.680.6890.480.6460.620.653VOLP080.9580.7240.9380.7060.420.4850.480.4240.50.4590.440.455YWLL080.9790.86110.8910.620.8270.60.8710.660.8460.70.853YWLL3810.71410.6340.660.6460.580.5970.50.5190.480.572CMS1710.5410.5760.920.59310.63310.6150.960.601CMS1310.73610.730.560.6170.480.5680.640.6540.580.673CMS180.6670.590.6880.54510.7130.980.6810.740.6590.820.723CVRL060.9380.53910.520.860.7150.70.5510.80.6550.780.668LCA660.8960.78710.7350.80.7270.620.6950.620.7620.560.69VOLP320.7920.6070.8750.5990.760.5170.280.2820.540.4510.520.471VOLP030.9170.6450.7920.750.820.7080.840.6790.880.7290.90.76CVRL0710.8430.9790.80110.860.920.85610.84310.789CVRL010.9580.8380.9580.840.80.8190.780.7290.820.7890.680.781CMS500.9580.850.8750.8660.620.8250.840.8360.860.850.720.816YWLL4410.7410.7050.640.5730.640.6310.720.7280.620.701YWLL5910.54810.5470.920.7440.840.74610.7550.980.722YWLL090.8750.6470.9380.6480.940.7170.920.6620.80.7360.920.721VOLP100.4380.690.6040.7630.660.7150.720.7820.760.7640.660.751Mean0.9140.7070.9290.7020.7650.70.7170.6670.7430.6950.7130.691SE0.0330.0250.0270.0250.0360.0240.0430.0330.0390.0270.040.024[^2]

The maximum Ne values of YWLL08 locus were 7.200, 9.198, 7.764 and 6.803 for SL, SU, MJ and SO populations, respectively. However, Ne in MG Population was 7.123 for CVRL07 locus and 6.649 in SH population for locus CMS50 locus. The means of effective number of alleles were 3.938, 2.944, 3.770, 3.599, 3.774 and 3.590 for SL, SU, MG, MJ, SH and SO populations, respectively. Australian camels displayed an average effective number of alleles of 3.44 whereas Bikaneri camels displayed the highest average effective number of alleles of 4.40 ([@b0125], [@b0180]).

Animal breeds with constant gene and genotype frequencies are expected to be in Hardy-Weinberg Equilibrium ([@b0040]). In the present study, the number of loci that deviated from the Hardy-Weinberg Equilibrium were 14, 17, 16, 12, 14 and 13 in SL, SU, MG, MJ, SH and SO populations, respectively ([Table 4](#t0020){ref-type="table"}). It has been shown that the number of microsatellite loci that deviated from Hardy-Weinberg Equilibrium (11, 5, 6 and 6, respectively) in Bikaneri, Jaisalmeri, Kutchi and Mewari camel breeds were less than those that followed it (12, 18, 17 and 17, respectively) ([@b0180]). A previous study on Saudi Arabian populations, half of used microsatellite loci were in Hardy-Weinberg Equilibrium ([@b0010]). On another study in Saudi Maghaeem, Majahteer, Sufr and Shual dromedarian camels, most of the loci (11/4, 7/8, 9/6 and 9/6, respectively) followed the Hardy-Weinberg Equilibrium (P \< 0.01) ([@b0105]).Table 4Microsatellite loci significantly deviated from Hardy-Weinberg equilibrium.LocusSL[a](#tblfn3){ref-type="table-fn"}SUMGMJSHSOCMS 1210.000[\*](#tblfn4){ref-type="table-fn"}0.001[\*](#tblfn4){ref-type="table-fn"}0.9060.6980.0540.145CVRL 050.5260.000[\*](#tblfn4){ref-type="table-fn"}0.3100.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.310VOLP 080.004[\*](#tblfn4){ref-type="table-fn"}0.033[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}1.0000.8540.983YWLL 080.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}YWLL 380.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.034[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}CMS170.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.002[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}CMS130.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.9310.9800.9880.373CMS180.2080.1060.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.008[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}CVRL 060.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.1120.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}LCA 660.5940.0510.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}VOLP 320.032[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.005[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}VOLP 030.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}CVRL070.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}CVRL 010.7120.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.9990.2880.269CMS500.4350.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.6660.8710.000[\*](#tblfn4){ref-type="table-fn"}YWLL440.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.9970.001[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}YWLL590.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}YWLL090.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.003[\*](#tblfn4){ref-type="table-fn"}0.006[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}VOLP100.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.009[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.000[\*](#tblfn4){ref-type="table-fn"}0.300[^3][^4]

The average F~IS~, F~IT~ and F~ST~ values were −0.165, −0.090 and 0.063, respectively ([Table 5](#t0025){ref-type="table"}). The low F~IS~ and F~IT~ values may indicate low level of inbreeding within and among the studied populations, with low genetic differentiation among them. The F~ST~ values indicate that less than 1% of the total genetic variation was explained by a population difference, whereas the remaining 99% corresponding to differences among individuals.Table 5F-statistics analysis for each of 19 microsatellite loci used for genotyping six Saudi camel populations.LocusF~IS~F~IT~F~ST~CMS121−0.0970.0070.095CVRL05−0.0680.0740.133VOLP08−0.1490.0060.135YWLL080.1150.1510.041YWLL38−0.146−0.0520.082CMS17−0.653−0.4800.105CMS13−0.071−0.0340.035CMS18−0.251−0.2210.024CVRL06−0.392−0.2770.082LCA66−0.0230.0230.045VOLP32−0.287−0.1510.106VOLP03−0.206−0.1180.073CVRL07−0.182−0.1580.020CVRL01−0.0420.0070.047CMS500.0340.0690.037YWLL44−0.133−0.1040.026YWLL59−0.413−0.3460.048YWLL09−0.305−0.2720.026VOLP100.1390.1680.033Mean−0.165−0.0900.063SE±0.044±0.040±0.009

To avoid the standard error of distance estimates, [@b0015] suggested microsatellite loci with fewer number of alleles (\>4) should be removed from the genetic distance studies. In our study, none of the alleles was removed from the genetic distance analysis as the lowest number of alleles per locus was 7. The pairwise genetic distance showed that the Saudi indigenous camel breeds (MG, ML, SO, and SH) are genetically close to each other. The pairwise genetic distances among these four breeds ranged between 0.023 and 0.041 ([Table 6](#t0030){ref-type="table"}). The SL breed showed larger genetic distances with the previous four breeds with genetic distances ranged between 0.296 and 0.337 ([Table 6](#t0030){ref-type="table"}). Interestingly, the exotic Somali SU breed was genetically distant from the Saudi breeds with pairwise genetic distance ranged from 0.373 to 0.411 ([Table 6](#t0030){ref-type="table"}). However, the pairwise genetic distance between SU and SL was 0.082 indicating close genetic relationship and most probably both are recently introduced to the Kingdom.Table 6Pair-wise genetic distances among six camel populations from Saudi Arabia.SL[a](#tblfn5){ref-type="table-fn"}SUMGMJSHSOSL0.000SU0.0820.000MG0.3130.4100.000MJ0.2980.4050.0410.000SH0.3370.4110.0410.0380.000SO0.2960.3730.0330.0330.0230.000[^5]

The 2D AFC based on allele frequencies grouped the accessions into two well differentiated clusters. The first principal component (PC) explained 6.31% of the total variance and distinguished between these clusters. The first cluster included all SL and SU individuals and the second one included the remaining individuals from populations MG, MJ, SH and SO. Another way to visualize the eventual groups was to analyze the Arabian *C. dromdarius* microsatellite dataset using Structure with no prior distribution specified. Structure revealed that K = 3 had the highest ΔK, and has a strong peak at the "true" number of clusters, suggesting that the optimal number of K was 3 ([Fig. 1](#f0005){ref-type="fig"}A). In this analysis, the colors represent the three different clusters ([Fig. 1](#f0005){ref-type="fig"}B). Each bar in the graph represents an animal with its inferred proportion of genome admixture. The proportion of membership of each pre-defined population in each of the 3 clusters was 99.8% to the first cluster (red) for SL and SU breeds. This proportion reached 50% for MG, MJ, SH and SO to the second (green) and the third (blue) clusters, respectively. The bar plot graph shows a unique ancestral genome for both of SL and SU. However, camels from the MG, MJ, SH and SO appear sharing allele frequencies of the green and blue groups. The lowest genetic distance was observed between the second and third populations (d~2-3~ = 1%). However, it reached 11% between the first and third populations.Fig. 1Genetic structure of 296 unrelated camels representing six breeds from Saudi Arabia using Structure. (A) A plot of two graphical methods allowing detection of the true value for K. The blue (square) represents the mean of LnP(k) over 8 runs for each K value analyzed the increase of the variance associated to LnP(D) across different K values tested. The red (circle) represents the values of ΔK calculated, based on the methodology proposed by [@b0035]. (B) A bar plot of individual ancestry proportions for the genetic clusters inferred using STRUCTURE for the optimal value of K estimated (K = 3).

4. Conclusion {#s0035}
=============

Microsatellite markers were very useful to elucidate the genetic diversity within and among camel populations in Saudi Arabia. Based on the genetic analyses, the camels were divided into two groups: one contained the Saudi indigenous populations (Majaheem, Maghateer, Shaul and Sofr) and the other contained the non-Saudi ones (Somali and Sawahli). There was very little gene flow occurring between the two groups.
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[^1]: The breed abbreviations SL, SU, MG, MJ, SH and SO are as follows: Sawahli, Somali, Majaheem, Maghateer, Shaul and Sofr, respectively.

[^2]: The breed abbreviations SL, SU, MG, MJ, SH and SO are as follows: Sawahli, Somali, Majaheem, Maghateer, Shaul and Sofr, respectively.

[^3]: The breed abbreviations SL, SU, MG, MJ, SH and SO are as follows: Sawahli, Somali, Majaheem, Maghateer, Shaul and Sofr, respectively.

[^4]: Microsatellite loci deviated from HWE at P \< 0.05.

[^5]: The breed abbreviations SL, SU, MG, MJ, SH and SO are as follows: Sawahli, Somali, Majaheem, Maghateer, Shaul and Sofr, respectively.
